Abstract--The presence of pheromones produced by larvae of GIossina morsitans morsitans and G. m. centralis, respectively, which attract gravid females and result in aggregation of pupae, is confirmed. Behavioral experiments indicated that females preferred to larviposit over moist sand conditioned by previously allowing larvae to pupariate in it. Similar results were obtained with filter papers contaminated with the prepupariation excretions of larvae and with volatiles collected from larvae prior to pupariation, n-Pentadecane and n-dodecane were identified as the dominant electrophysiologically active components of the larviposition pheromones of G. m. morsitans and G. m. centralis, respectively, by GC-EAD and GC-MS analysis of the trapped larval volatiles. Both identified compounds were shown to significantly attract gravid females to larviposition sites in laboratory behavioral assays.
INTRODUCTION
Tsetse flies (Diptera: Glossinidae: Glossina) mature their offspring in utero, giving birth to mature larvae that burrow into the soil and pupariate. Just before pupariation, larvae release an anal exudate that coats the larval cuticle (King-*To whom correspondence should be addressed. horn, 1912; Lamborn, 1915; Fiske, 1920; Nash et al., 1976; Rowcliffe and Finlayson, 1981; Zdarek and Denlinger, 1991) . In preliminary experiments undertaken by Leonard and Saini (1993) , it was shown that semiochemicals from the prepupariation excretions of larvae of G. morsitans morsitans Westwood and G. moristans centralis Machado attract gravid females and result in aggregation of puparia.
In the present studies, in which we used new, larger, two-choice behavioral chambers, we reconfirmed that the anal exudate of larvae of G. m. morsitans and G. m. centralis contains pheromones that attract conspecific gravid females. Similar results were obtained with solvent extracts of larvae and with volatiles collected from larvae prior to pupariation. We report the identification of the major components of the larviposition pheromones of G. m. morsitans and G. m. centralis, respectively.
METHODS AND MATERIALS
Rearing G. m. centralis and G. m. morsitans females were reared in the ICIPE rearing facility at 25~ _+ 2~ 70 +_ 5% relative humidity, and a 12 L: 12 D photocycle. Females were mated three days after eclosion and blood-fed on rabbits three times a week. Flies in the first cycle of parturition were used for all experiments.
Conditioning of Sand
Six cages, each containing 20 gravid female G. m. centralis or G. m. morsitans, were placed over a tray of sand previously extracted with solvents and heat sterilized at 100~ for 24 hr. At parturition, larvae burrowed through the mesh bottoms of the cages, dropped into the sand, and pupariated. Flies larviposited over a four-day period, after which puparia were removed by sifting, with a recovery of 80 pupae.
Behavioral Assays Experiment 1. In previous experiments (Leonard and Saini, 1993) flies were held in standard tsetse rearing cages (19.5 • 7 x 6 cm), and in choice experiments the conditioned or control sand covered only 30% of the surface of the tsetse cages. Many larvae were deposited in the middle region. In the present work, new, larger, two-choice larviposition chambers 60 • 60 • 60 cm were constructed. Three sides of these chambers were covered with nylon mesh. The back was of metal and the front was covered with a removable glass door. One of the sides had a port from which flies easily could be introduced. The floor was divided into two equal halves by disposable trays 59 x 59 x 1 cm each containing 750 g of sterilized or contaminated sand moistened with 75 ml of distilled water. The sand was conditioned by heat sterilization as above. A total of 305 G. m. morsitans and 268 G. m. centralis gravid females that were 18 days old were released in 13 replicates, and the number of pupae deposited in each tray counted at the end of each test, which ran for 96 hr. All behavioral assays were undertaken at 25~ + 2~ 60 + 5% relative humidity, and a 12 L: 12 D photocycle.
Experiment 2. In the next series of experiments, freshly deposited third instars were removed from the tsetse insectary and placed in four Petri dishes, each containing a 9-cm-diameter filter paper. Each dish contained 20 larvae. Some of the anal secretions produced by the larvae 1-2 hr prior to pupariation were absorbed by the filter paper in the Petri dishes, and these impregnated filter papers were subsequently used in bioassays. Four such impregnated papers were randomly placed in one tray of the large larviposition chambers and covered with 750 g of sterilized sand moistened with 75 ml of distilled water. The other tray, containing four similar plain filter papers covered with moistened sterilized sand, served as a control. A total of 335 gravid G. m. morsitans in nine replicates and 431 G. m. centralis in 12 replicates, all 18 days old, were offered the choice of control or larval-material-impregnated papers for larviposition, and the number of pupae deposited in each tray was counted at the end of each 96-hr testing period.
Experiment 3: Collection of Volatiles from Larvae. Volatiles were collected from freshly deposited third instars by placing them in a short glass tube. The inlet was plugged with activated glass wool (to adsorb contaminants from incoming air and to prevent larvae from escaping), while the outlet contained a short column of activated charcoal and another plug of glass wool as the adsorbent materials. Glass wool was activated by heating at 100~ for 24 hr. Filtered air was passed over 50 larvae for 2 hr at a constant flow rate of 15 ml/min. The adsorbents were then washed with 10 ml each of hexane and dichloromethane in succession, the extracts pooled, and the volume reduced to 100/zl by blowing a slow stream of filtered nitrogen. Collection of volatiles was repeated on four sets of larvae (50/set) in a similar fashion and all the trapped volatiles pooled. From the total volume collected, 160/~I of trapped volatiles (from 40 larvae) was kept for GC and GC-MS analysis. The remaining 240/~1 was diluted with hexane to 2 ml and used for behavioral bioassays.
Behavioral Assays with Collected Volatiles
Four filter papers (9 cm diam.) were each impregnated with 250 #1 of the volatile collection in hexane (equivalent to 20 larvae/filter paper), randomly placed in one tray of the larviposition chambers, and covered with 750 g of moistened sterilized sand (moistened with 75 ml of distilled water). The control side had four filter papers, each impregnated with 250/zl of hexane and covered with 750 gm of moistened sterilized sand. Gravid 18-day-old flies, totaling 120 each of G. m. morsitans and G. m. centralis in four replicates, were offered the above choices and the number of pupae deposited in each tray counted at the end of each 96-hr testing period.
Analysis of Volatiles
Aliquots (2 tA) of the extracts were analyzed by gas chromatography (GC) and by gas chromatography-mass spectrometry (GC-MS). GC analyses were performed on a Hewlett-Packard (HP) 5890 Series II gas chromatograph equipped with a flame ionization detector (FID), an HP capillary column (methyl silicone, 50 m x 0.2 mm ID x 0.32 t~m film thickness) using nitrogen as the carrier gas at a flow rate of 0.8 ml/min. GC conditions were optimized to allow adequate resolution of all candidate electrophysiologically active peaks. For the analysis of G. m. morsitans larval volatiles, the oven temperature was initially isothermal at 60~ (5 min) and then programmed to 190~ at 3~ and finally to 240~ at 5~
for that of G. m. centralis, after an isothermal period at 60~ (5 min), the oven temperature was programmed to 240~ at 5~ Chromatographic peaks were integrated by an HP 3396 integrator. GC-MS analyses were carried out on a VG Masslab 12-250 mass spectrometer (EI, 70 eV) coupled to an HP 5740 series A gas chromatograph.
Coupled gas chromatography-electroantennography (GC-EAD) was performed employing the same GC conditions as above. The column effluent was split 1 : 1 into two 50-cm-long deactivated fused silica columns, one connected to the FID and the other to an antenna of the appropriate gravid female. A makeup gas (40 ml/min) was added just before the split point to accelerate the effluent through the deactivated columns. The effluents were driven from the chromatograph through a transfer line maintained at 150~ by a THC-3 temperature control unit (Syntech) and into a moistened alrstream (4.0 ml/sec, 90% relative humidity, 25~
and focused on the antennal preparation via a stainless steel tube (5 mm ID). The return time constant was set at 2 sec. FID and EAD signals were monitored synchronously with a program on a GC-EAD interface (Syntech) card installed in a PC (Harvard Professional Computer, American Megatrends Inc.). The antennae for EAD recordings were prepared as described earlier (Leonard and Saini, 1993; Saini and Hassanali, 1991) .
Responses of Gravid Females to Major Components of Larviposition Pheromones
Responses of gravid G. m. morsitans and G. m. centralis to the major components of their respective larviposition pheromones were determined in two-choice behavioral bioassays similar to those conducted with volatiles collected from larvae (Experiment 3). Four filter papers (9 cm diam.) were impregnated with 10, 20, 40, 80, 160, or 320 larval equivalents of n-pentadecane or n-dodecane (major component of G. m. centralis larviposition pheromone). The dilutions of the compounds were made with paraffin oil to effect a gradual release of the compounds. The treated filter papers were randomly placed in one tray of the larviposition chambers and covered with 750 g of sterilized sand moistened with 75 ml of distilled water. The control side had four filter papers impregnated with an equivalent amount of paraffin oil and covered with 750 g of moistened sterilized sand. The number of 18-day-old gravid females of G. m. morsitans or G. rn. centralis released per dose and the number of replicates are indicated in Tables 2 and 3 below. The number of pupae deposited in each tray were counted at the end of each 96-hr testing period.
RESULTS

Choice Tests
Results of the behavioral bioassays in the two-choice behavior cages (experiments 1-3) clearly showed that gravid G. m. centralis and G. m. morsitans females preferred to larviposit in sand conditioned with previous larvipositions (Table 1) . Similar preference was shown by gravid females to filter papers contaminated with anal secretions and by volatiles collected from larvae prior 
Analysis of Volatiles
Gas chromatographic analysis of trapped volatiles from larvae of the two tsetse species were different qualitatively and quantitatively (Figures 1 and 2) . Repeated GC-EAD analyses on separate collections from G. m. morsitans consistently gave an EAD signal corresponding to a major peak and four weaker signals corresponding to blends of minor components (Figure 1) . GC-MS analysis of the volatiles allowed the characterization of the major peak as n-pentadecane, m/z (rel. intensity) at 57 (100), 43 (90), 71 (65), 85 (45), 99 (18), 212 (18), 113 (6). This was confirmed by coinjection studies and analysis of authentic samples by GC-EAD. Similar analyses with collections from G. m. centralis (Figure 2 ) showed three sets of EAD signals, two corresponding to blends of minor components, and one to a major component identified as n-dodecane and confirmed by comparison (GC-EAD, GC) with an authentic sample, m/z (rel. intensity) 57 (100), 43 (98), 71 (60), 85 (40), 170 (15), 98 (10). In both sets of analyses, the minor EAD active components could not be clearly separated and located. Identification of these components will be done by micropreparation of blends corresponding to these regions followed by rechromatography under different sets of conditions. Tables 2 and 3 show the responses of flies to the major components identified from the larval volatiles as compared to the control. In the case of G. m. morsitans (Table 2) "The lowest dose represents n-pentadecane equivalent of 2-hr collection of volatiles from 10 larvae. "The lowest dose represents n-dodecane equivalent of 2-hr volatile collection from 10 larvae.
were not significantly different from controls. G. m. centralis showed significant responses at 93.6-, 187.2-, and 374.4-/~g doses of n-dodecane (Table 3) . At lower doses (23.4 and 46.8/zg) and doses higher than 374.4/~g, the responses were not significantly different from controls.
DISCUSSION
Experiments undertaken by Leonard and Saini (1993) confirmed the results of Nash et al. (1976) that gravid female G. m. morsitans preferred to larviposit in sand in which larvae had pupariated previously. Results of the current experiments clearly show that filter papers contaminated with the anal exudate of larvae and, in particular, volatiles collected from larvae of G. m. morsitans and G. m. centralis prior to pupariation were attractive to respective gravid females and resulted in aggregation of corresponding puparia.
The major electrophysiologically active compounds in the larval volatiles of G. m. morsitans and G. rn. centralis were identified as n-pentadecane and n-dodecane, respectively. Both these compounds caused selection by gravid females for larviposition comparable to the larval volatiles. However, the role(s) of the unidentified electrophysiologically active compounds remains to be elucidated. The dose-response results obtained for G. m. centralis pheromone, unlike the response of G. m. morsitans, showed that larviposition became less discriminatory at high doses (Table 3) . We attribute this effect to higher volatility of n-dodecane (rather than due to an intrinsic loss of activity at high concentrations) than that of n-pentadecane. It may be that at high doses increasing amounts of volatile hydrocarbon diffused within the entire behavior bioassay arena, thus blurring differences between the treated and control sides.
The known sex pheromones of Glossina species are all saturated hydrocarbons associated with their cuticular waxes. The finding that the dominant behaviorally active components of larviposition pheromones of G. m. morsitans and G. m. centralis are also saturated hydrocarbons, albeit of lower molecular weights, suggests a general pattern for the selection of this class of compounds as signals in intraspecific communication by tsetse flies. Studies on the larviposition pheromones of other species will help to establish the validity of this generalization. Other insects that also use simple hydrocarbons in intraspecific communication include the astigmatid mite Caloglyphus rodriguezi (Mori et al., 1995) , the red wood ant Formica lugubris (Walter et al., 1993) , and the gregarious cockroach Blaberus craniifer (Brossut et al., 1974) .
Since both the identified compounds are fairly volatile, they could attract gravid females from a distance to larviposition sites. At close range, the physical nature of the larviposition sites and the microclimatic conditions, such as humidity, may be important in the selection of suitable larviposition sites. In this regard, the previous work of Leonard and Saini (1993) suggests that gravid females are most responsive to larval semiochemicals when the differential between soil moisture and ambient humidity is large. Whether the larviposition pheromones function solely as a cue to aggregate gravid females or also as a stimulus for larviposition is still not clear. Further behavioral work is needed to fully understand the selection of larviposition sites before the larviposition pheromones can be exploited to either increase the efficiency of existing odor-baited traps and targets by attracting more gravid females or in concentrating gravid females and pupae in areas where pathogens or other biological control agents could cause high mortality.
